Patch clamp measurements of excised inside-out patches of Arabidopsis thaliana plasma membrane reveal at least two ion channels which conduct either potassium or chloride. The conductance of the potassium channel ranged from 5 to 70 picosiemens depending on KCI concentration. The conductance increased linearly with increasing cytoplasmic-side (KCI]; the extent of this dependence declined as extracytoplasmic-side [KCI] was increased. This indicates that substrate regulation of the potassium channel is a consequence of the molecular architecture of the channel: in particular, multi-ion binding sites within the channel pore. The chloride channel conductance (ranging from 5-40 picosiemens) was independent of cytoplasmic-side [KCI] until a threshold concentration of about 300 millimolar was reached. Such behavior is expected only if the channel is allosterically regulated by cytoplasmic-side K+ and/or Cl. The median open times of either channel (about 200 milliseconds for the potassium channel and 20 milliseconds for the chloride channel) were unaffected by substrate concentrations. and chloride channels ofthe plasma membrane in more detail. Of particular interest is the basic regulation ofchannel activity by their substrates. This can yield information about the molecular properties of the channel, and uncover possible secondary regulation by substrate which may be of intrinsic importance if channels do, in fact, function in ion uptake and release. Analogous to studies of purified enzymes and their regulation by substrate, with ion channels measured by patch clamp, it is possible to study substrate regulation using a single ion channel protein molecule.
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To study the regulation of ion channel activity by extracytoplasmic-side and cytoplasmic-side ion substrate concentration, excised patches of plasma membrane from tissue cultured Arabidopsis thaliana were used. This particular species is very popular in molecular biology studies, and transport mutants are already available (17) , as are clones of major transport systems (6) . Future work using mutants to probe genes and their physiological functions as well as transformation with modified transport genes will benefit from characterization of the properties of wild-type Arabidopsis ion channels.
Patch clamp measurements (5) can be used to study the electrical properties of electrogenic transport, either transporter ensembles (whole cell recordings) or the electrical activity of individual ion channel proteins (cell-attached and excised patch recording modes). Initial work with higher plants uncovered a wealth of channel types in wheat protoplasts (13) . These channels may function in ion transport. However, most research has concentrated on cells which undergo active turgor changes in situ, due to large ion fluxes across the plasma membrane. With one exception (using intracellular techniques, ref.
2), such research has been performed on nonturgid protoplasts (1, 12, 16) 
Protoplast Production
Callus (1-2 month old, brown tissue was avoided) were placed in 300 mm Sorbitol/300 mM Mannitol/10 mM Mes (pH 6.0 with KOH) (osmoticum-buffer solution) for about 1 h, then transferred to osmoticum-buffer solution plus 10 mg/ mL cellulysin and 5 mg/mL macerase (both from Calbiochem, La Jolla, CA), 1 mg/mL bovine serum albumin (fraction V), and 0.4 mg/mL DTT. After 3 to 4 h incubation at room temperature on an orbital rotator, the protoplasts were passed through a 250 ,um nylon mesh, and centrifuged at 1000 rpm for 10 min. The pellet was slowly resuspended in osmoticum-buffer plus 2 mM MgCl2, 1 mM CaCl2 and either 10, 40, or 100 mm KCl, centrifuged again, then resuspended as above and stored on ice. Prior to the experiment, a 500 giL aliquot of cells was added to about 2. (8, 11, 15) . Typical gains were 10 mV/pA for monitoring seal formation and 100 mV/pA for channel measurements. The clamping currents were first filtered at 10 kHz with a 2-pole active filter and then recorded on a video cassette recorder-based data acquisition system using pulse code modulation (model DAS-900, Dagan Corp.). During playback, the data was filtered at 200 Hz (or 2 kHz for measurements ofopen and closed times) with an 8-pole Bessel filter (Frequency Devices Inc., Haverhill, MA), and observed on a Tektronix 2211 Oscilloscope (Tektronix Inc., Beaverton, OR) from which the data could be downloaded to a Roland DXY-1100 plotter for graphic presentation. Channel amplitudes (one to four measurements for a given voltage clamp) were measured from the hardcopy output.
Voltage clamping was performed manually. Typically, clamping protocols went from -150 mV to 150 mV in 50 mV steps, with a short clamp at 0 mV between each step. The polarity of voltage clamps is from the inside of the pipette to reference ground in the external solution. Thus, for the excised inside-out patches used here, a negative voltage is equivalent to a positive voltage on the cytoplasmic side of the membrane patch.
RESULTS AND DISCUSSION
Substrate regulation of ion channels was examined initially with an extracytoplasmic-side [KCl] totaling 15 mm. This is higher than expected soil solution levels of K+, although the plasma membrane may, in fact, 'see' this high a concentration due to binding of cations by the cell wall and potassium leakage from the cell.
Under symmetric 15 mm [KCl], excised patches exhibited very small amplitude channels ( Fig. 1 ), but their conductance increased dramatically and monotonically when cytoplasmicside [KCl] was increased. The channels could be identified as potassium channels due to the positive shift in zero current as cytoplasmic-side (outside-pipette) [KCl] was increased ( Chloride channels were also observed (Fig. 3) (3) in Chara. The data for both potassium and chloride channels are summarized in Figure 5 (Fig. 7) could be positively identified ( Fig. 8; was increased is consistent with multi-ion occupation within the potassium channel pore. Ordinarily, saturation of conductance with increasing substrate concentration is expected for a multi-ion pore (cf 7), but it was not possible to increase the cytoplasmic-side concentration to a level high enough to see such saturation in these experiments. However, occupation on the extracytoplasmic-side would compete with K+ movement from the cytoplasmic-side, causing a decline in conductance changes as cytoplasmic-side [K+] was changed. Such an effect would not be seen for a single-ion pore, but would be expected for a multi-ion pore. Thus, the potassium channel is regulated by substrate as a consequence of its molecular architecture as a multi-ion pore.
By contrast, the chloride channel exhibits behavior which is not expected for either a single ion or multi-ion pore. The concave upward change in conductance with increasing cytoplasmic-side [KCI] can best be explained as an allosteric effect. That is, a binding site for K+ or Cl-separate from the chloride-specific pore regulates the conductance of the pore. The data present an added dimension to regulation of channel behavior in higher plants in cells which are not specialized for active turgor changes. The substrate regulation of potassium and chloride channel conductance suggests bounds on the expected function of these channels in situ. For example, if the potassium channel functioned in active uptake two factors must be considered: (a) potassium starvation (i.e., lower cytoplasmic [KCI] ) would lead to lower conductance, thus lower influx, and also a lower reversal potential for potassium; but (b) the decrease in potassium conductance would lower total conductance, which would cause hyperpolarization if the H+ pump current remained constant. The second factor would increase the driving force for potassium uptake, but at the expense of the capability to take up K+ through the channel. So function as an uptake mechanism seems unlikely. Alternatively, if the potassium channel functioned as a voltage clamp, lower cytosolic potassium would cause a lower conductance and thus less potassium leakage under potassium-starved conditions. As long as the potassium conductance was still dominant, the channel would still be competent to clamp voltage to the reversal potential for potassium.
The allosteric regulation of chloride channels may be due to chloride-induced cellular damage; that is, if cytosolic chloride increases to debilitating concentrations, the increased conductance would help remove it from the cell.
With respect to ion fluxes through these channels, the conductances range from 5 to 10 pS under low substrate conditions. Given typical assumptions: 20 Mm cell diameter, 1 um pipette aperture, 1 to 2 channels per patch, and the channel open all the time, a 50 mV clamp away from the zero current point (Nernst potential) yields fluxes of 82 to 330 pmol cm-2 s-' and intracellular concentration changes of 0.2 to 1 mm s-'. Thus, even at low substrate concentrations, the fluxes are quite large, greater than typical ion uptake rates.
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